Abstract. We 1 examine variation among species of Mus in four genes involved in reproduction and the immune response for evidence of positive selection: the sperm recognition gene Zp-3, the testis-determining locus Sry, the testicular cell surface matrix protein Tcp-1, and the immune system protein b 2 m. We use likelihood ratio tests in the context of a wellsupported phylogeny to determine whether models that allow for positively selected sites fit the sequences better than models that assume purifying selection. We then apply a Bayesian approach to identify particular sites in each gene that have a high posterior probability of being under positive selection. We find no evidence of positive selection on the Tcp-1 gene, but for Zp-3, Sry, and b 2 m, models that allow for positively selected sites fit the sequences better than alternatives. For each of these genes, we identify sites that have a high (>95%) posterior probability of being positively selected. For Zp-3, two of these sites occur near the sperm-binding region, while one occurs in a region whose functional role remains unstudied but where the pattern of change predicts functional importance. A single site in Sry shows an elevated rate of replacement substitution but occurs in a region of apparently little functional importance; therefore, relaxation of functional constraints may better explain the rapid evolution of this site. Three sites in b 2 m have a posterior probability >50% of being under positive selection. While the functional role for two of these sites is unknown, the third is known to influence the ability of MHC class I molecules to present antigens to the immune system; therefore, the elevated rate of replacement substitutions at this site is consistent with selection acting to promote variability in immune system proteins.
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Introduction
The neutral theory of molecular evolution maintains that the majority of changes at the molecular level are fixed by random drift of selectively equivalent mutations (Kimura 1983) . Accordingly, while advantageous mutations may contribute directly to improving an organism's fitness, the rate of positive selection is probably too low for adaptive change to be the driving force of evolution at most genetic loci. For this reason, genes that appear to be evolving under positive selection are of great interest to evolutionary biologists. Such genes seem to fall into discrete functional categories (Endo et al. 1996) and the study of their function and evolution could reveal much about the nature of adaptive evolution at the molecular level. For example, genes associated with the immune response Nei 1988, 1989) , gamete recognition (Lee et al. 1995; Swanson and Vacquier 1995; Metz and Palumbi 1996; Metz et al. 1998) , and male reproduction (Tsaur and Wu 1997; Ting et al. 1998; Wycoff et al. 2000) are hypothesized to have experienced long-term positive selection. Detailed study of selection on particular sites in these genes can identify regions of potential functional importance that may play a pivotal role in speciation or the immune response.
Selection at the molecular level is typically detected by comparing the number of nonsynonymous (d N ) and synonymous (d S ) substitutions per site for a given gene. Generally, purifying selection is inferred when d S is greater than d N , while positive selection is inferred when the ratio of nonsynonymous-to-synonymous substitutions (d N /d S ) exceeds 1. Several methods have been developed to estimate d N , d S , and their ratio. These methods differ principally in whether they rely on pairwise comparisons of aligned coding sequences among taxa (Nei and Gojobori 1986; Ina 1995; Li et al. 1985; Li 1993) or use a phylogenetic tree to reconstruct the pattern of molecular change among taxa (Goldman and Yang 1994; Nielsen and Yang 1998; Yang 1998; Suzuki and Gojobori 1999) .
Pairwise estimates of the d N /d S ratio provide an extremely stringent test of positive selection, because, for most genes, only a few amino acids are under positive selection. In such cases, pairwise estimates of the d N /d S ratio across the entire gene may be less than 1 despite positive selection operating on particular sites. Moreover, pairwise comparisons do not allow changes to be localized to particular lineages in evolutionary history. For this reason, the importance of having a phylogeny as a basis for comparative studies of gene evolution is increasingly being recognized. Using a phylogenetic framework, one can localize d N /d S ratios to particular branches and evaluate whether and when positive selection has played a role in gene evolution (e.g., Messier and Stewart 1997; Willet 2000; Yang et al. 2000b) . Recently, several phylogeny-based likelihood tests have been developed to test for positive selection in different lineages (Yang 1998) or among different codon positions in a gene (Nielsen and Yang 1998; Suzuki and Gojobori 1999; Yang et al. 2000a) . These methods provide a more sensitive and explicitly statistical test of positive selection than pairwise distance-based estimates (Nielsen and Yang 1998; Bielawski et al. 2000) .
In this study, we use phylogeny-based likelihood tests to examine four genes for evidence of positive selection among closely related species in the genus Mus. These genes might be expected to have experienced positive selection during their evolution by virtue of being involved in either gamete recognition, male reproduction, or the immune response. While the selective forces driving positive evolution differ among reproductive genes and between reproductive and immune genes, identifying the patterns of adaptive change in each of these genes is the first step toward inferring the selective processes driving their evolution. Zona pellucida-3 (Zp-3) is the mammalian sperm recognition locus and is responsible for binding sperm to the egg surface and initiating the acrosome reaction. The Y chromosome-linked gene, Sry, codes for testis determination and therefore determines maleness in mammals. The t-complex polypeptide-1 gene (Tcp-1) codes for a protein whose specific function is unknown but which is expressed in mouse testes at high levels during spermatogenesis. The immune system gene b-2-microglobulin (b 2 m) associates with major histocompatability complex (MHC) class I heavy chains and ensures the proper display of class I antigens. While the pattern of nucleotide substitution has been studied for some of these genes in some of these taxa (Sry, b 2 m, and Tcp-1 for selected species of Mus; see citations below), one gene (Zp-3) has never been examined for any of these taxa, and none of these genes has been examined using methods designed to identify particular sites subject to positive selection.
Methods
Data for this study are taken from Lundrigan et al. (2002) . The data consist of partial sequences from the coding region of the Y chromosome-linked sex-determining locus Sry; partial sequences from exon 2 of b-2-microglobulin (b2m); exons 8, 9, and 10 of t-complex polypeptide-1 (Tcp-1); and exons 1, 3, 4, 6, and 7 of the sperm recognition gene zona pellucida-3 (Zp-3). For the purposes of this study, only coding regions of these genes were used. The genes were sequenced for 13 species and subspecies of Mus and for representatives from three additional murine genera (Mastomys, Hylomyscus, and Rattus), which were used as outgroups in phylogenetic analysis. Sequences from Sry for Mus saxicola were unobtainable, as were sequences from b 2 m for Mastomys and Hylomyscus and Tcp-1 for Hylomyscus. Additional information about all genes, including GenBank accession numbers, is given by Lundrigan et al. (2002) . A single best tree results from a combineddata parsimony analysis of these four genes plus sequences from the mitochondrial genes12S rRNA and cytochrome b. An identical topology is recovered when these data are analyzed under the best-fit maximum likelihood model (GTR + I + G with clock enforced). We use this tree topology (Fig. 1) as the basis for all likelihood-based tests of selection performed in this study. Details of all methods used to obtain this tree are given by Lundrigan et al. (2002) .
We used three likelihood ratio tests (LRTs) to examine our data for evidence of positive selection. First, because positive selection may act at discrete points during the evolution of a lineage rather than constantly across an entire phylogeny, we examined whether the d N /d S ratio (hereafter referred to as x) varies across lineages for each gene. For this test, a model that assumes a constant x across all lineages (one-ratio model, or M0 [Yang et al. 2000a] ) is compared with one that allows x to vary across lineages (free-ratio model [Yang, 1998] ). The one-ratio model is a simplified version of the Goldman and Yang (1994) model and accounts for transition/ transversion rate bias, different base frequencies at codon positions, and the structure of the genetic code (Yang 1998) . The free-ratio model assumes the same parameters but allows x to vary freely across lineages. The log-likelihood value under the one-ratio model can be compared with that under the free-ratio model; the appropriate test statistic compares twice the difference in log-likelihood values (À2 ln K ¼ 2½ln k 1 À ln k 2 ; where k 1 is the likelihood under the more parameter-rich model) with a v 2 distribution with degrees of freedom equal to the number of branches minus 1. If the freeratio model provides a significantly better fit, then a constant x rate (one-ratio model) can be rejected. In addition, we use the free-ratio model to estimate the x value for each branch in the phylogeny. While this model is parameter-rich and unlikely to produce accurate x estimates for all branches (Yang et al. 2000b) , it is nonetheless useful for identifying lineages where episodes of positive selection might have occurred.
Second, we used the approach outlined by Nielsen and Yang (1998) to test whether positive selection has acted on particular sites in each gene. Briefly, this method tests for the presence of positively selected sites by comparing the log-likelihood under a model of purifying selection (the ''neutral'' model) with that under a model that allows for positively selected sites. The neutral model (M1) assumes two categories of codon sites in a gene: those for which nonsynonymous changes are neutral, with x = 1, and those for which nonsynonymous changes are deleterious so that x = 0. The positive selection model (M2) adds a third category of codon site with x as a free parameter, thus allowing for positively selected sites (those with x>1). The log-likelihood value under the neutral model can be compared with that from the Fig. 1 . The tree describing relationships among species of Mus that was used as the basis for all phylogeny-based tests of positive selection described in this study (see Lundrigan et al. 2002) . This tree results from a maximum-likelihood analysis of DNA sequence from six genes (12S rRNA, cytochrome b, Sry, Tcp-1, Zp-3, and b 2 m) under the best-fit GTR+I+G+clock model of sequence evolution. Numbers in boldface italics are bootstrap support values; numbers above the branch identify lineages referred to in the text.
positive selection model to determine whether a model that allows for positively selected sites fits the data better than one that allows for only neutral and negatively selected sites. The appropriate test statistic compares twice the difference in log-likelihood values ()2lnL) with a v 2 distribution with two degrees of freedom. It is appropriate to conclude that positive selection has affected the gene sequences only if the estimate of x under the positive selection model is greater than 1.
Finally, an LRT comparing results from the positive selection model (M2) and the neutral model (M1) may not be sensitive enough to detect selection at particular sites if the majority of sites in a gene has been neutral or negatively selected (Yang et al. 2000a) . We therefore implemented a third LRT that uses models that permit heterogeneous x ratios among sites according to a b distribution. The null model in this test (M7) does not allow for positively selected sites but assumes that sites are modeled under a b distribution b(p,q) with x limited to the interval [0,1], where 0 corresponds to complete selective constraint (deleterious mutations) and 1 to no selective constraint (neutral mutations). The loglikelihood under this model is compared to that under a model (M8) that allows for a proportion of sites to be drawn from the b distribution and the remaining sites with x>1 to be estimated from the data. The M8 model has two more parameters than M7; therefore, the LRT compares twice the difference in log-likelihood values ()2lnL) with a v 2 distribution with two degrees of freedom. Comparison of the log-likelihood scores under the M8 model with those from the M7 model constitutes a test for positive selection similar to the comparison of the M2 and M1 models, but where a more complex model describes the distribution of x. We note that models used to test for selection across sites assume a constant x ratio across all lineages (Nielsen and Yang 1998; Yang et al. 2000a ). While we test for the validity of this assumption with the free-ratio/one-ratio LRT described above, it is not known how sensitive these tests are to violations of this assumption. We therefore report the results of all tests for positive selection, but note that parameter estimates may not be accurate when assumptions of rate homogeneity are violated.
Once the fit of various nested models was assessed using LRTs, we identified particular sites in each gene that were likely to have evolved under positive selection. This was accomplished using an empirical Bayesian approach as outlined by Nielsen and Yang (1998) . For this approach, unknown parameters in Bayes' equation (e.g., branch length and the x distribution across sites) are first estimated from the data using the likelihood function as applied in M2 and M8. Once these parameters have been estimated, Bayes' theorem is used to estimate the posterior probability that a given site came from the class of positively selected sites (Nielsen and Yang 1998; Yang and Bielawski 2000) .
All analyses were accomplished using the codeml program in PAML 2.0k (Yang 1997 (Yang , 2000 with models specified according to descriptions given by Yang et al. (2000a) . For each model, equilibrium codon frequencies were estimated from the average nucleotide frequencies at each codon position (CodonFreq = 2), amino acid distances were assumed to be equal (aaDist = 0), and the transition/transversion ratio (j) was estimated from the data. In addition, for comparative purposes, we calculated pairwise comparisons of d N /d s using the model of Yang and Nielson (2000) as implemented in YN00 of PAML 2.0 (Yang 2000) .
Results

Zp-3
Only two of the pairwise d N /d S values for Zp-3 exceed 1 (Fig. 2) , and both of these comparisons involve Mus macedonicus (M. macedonicus vs M. m. domesticus,
Not surprisingly, then, the free-ratio model assigns estimates of x>1 for the branch leading to M. macedonicus (branch 8; Fig. 1 , Table 1 ). The freeratio model also assigns x>1 to the branch leading to M. cervicolor (branch 14; Fig. 1 , Table 1 ), a pattern that was not detected among the pairwise comparisons. While these two lineages show x values greater than 1, this inference is based on only a few changes per branch and cannot be considered statistically meaningful, because the one-ratio model cannot be rejected for the tree as a whole ()2lnL = 37.799; p = 0.127, df = 29).
Models that allow for heterogeneous x ratios across sites (M1, M2, M7, and M8) require that x remains constant across evolutionary time. The observation that a constant x ratio cannot be rejected for Zp-3 across this tree suggests that these models can be reliably applied to the Zp-3 data to test for the presence of positively selected sites. An LRT comparing M2 (selection) to M1 (neutral) rejects the neutral model in favor of a model that allows for positively selected sites with marginal significance ()2lnL = 6.154; p = 0.046, df = 2), but an empirical Bayesian approach with parameters estimated under M2 fails to identify any sites under positive selection. An LRT comparing the more parameterrich models M8 (b, selection) and M7 (b, neutral) also rejects the neutral model in favor of the selection model at a similar level of significance ()2lnL = 6.585; p = 0.037, df = 2). In contrast to M2, the Bayesian approach applied under M8 identifies several sites under positive selection with a posterior probability >50%; three of these sites have a posterior probability >95% of having x>1 (Table 2) .
These results are not surprising given the limitations of the M2 model to infer positive selection (Yang et al. 2000a) . If a gene has a high proportion of slightly deleterious mutations (0<x<1), the free class in M2 is forced to account for these; any positively selected mutations (x>1) are then incorporated into the class of conserved sites (x = 1) (Yang et al. 2000a ). The failure of M2 to detect positively selected sites for Zp-3 is probably due to this model's inability to account simultaneously for x values between 0 and 1 and for those greater than 1. For Zp-3, model M2 identifies a large proportion of sites (82.7%) in the slightly deleterious class (x = 0.065; Table 2 ). However M8, which explicitly accounts for these mutations, estimates 94.7% of sites as neutral (x = 1), deleterious (x = 0), or slightly deleterious (0<x<1); the free parameter is therefore able to capture the small proportion of sites (5.4%) under positive selection (x = 2.4; Table  2 ). When these parameters are subsequently used in the Bayesian approach, several sites with a high posterior probability of being positively selected can be identified.
Sry
No pairwise comparison of the d N /d S ratio for Sry exceeds 1 for these mice (Fig. 2) , and comparison of the likelihood scores under the free-ratio and oneratio models indicates that a constant x ratio can apply across the tree ()2lnL = 18.81; p = 0.877, df = 27). Evidence for positive selection on Sry seems slight when these genewide tests are applied. However, models that allow for positively selected sites within the gene (M2 and M8) fit the Sry data much better than models that assume neutrality (M1 and M7) (M2 vs M1, )2lnL = 13.255, p<0.001, df = 2; M8 vs M7, )2lnL = 12.992, p<0.001, df = 2). In contrast to Zp-3, the Sry gene does not appear to have a high proportion of slightly deleterious mutations, therefore parameter estimates under the selection models (M2 and M8) are similar (e.g., 0.8% of sites have x = 14.6 under M2 and 0.8% of sites have x = 14.0 under M8; Table 2 ), and the Bayesian approach as applied under each of these models infers the same site (92) as positively selected with a similarly high posterior probability (>99%). ratio exceed 1 (Fig. 2) ; each of these involves comparisons with M. spretus. Moreover, branch length estimates from the free-ratio model show an x ratio approaching infinity for the branch leading to M. spretus (branch 12; Fig. 1, Table 1 ), but a constant rate ratio cannot be rejected for the tree as a whole ()2lnL = 32.055; p = 0.230, df = 27); therefore, this deviation cannot be considered statistically meaningful. When models that test for selection across sites are applied, neither of the models that allow for positively selected sites (M2 or M8) fits these sequences better than the corresponding model that assumes neutrality (M1 or M7) (M2 vs M1, )2lnL = 3.844, p = 0.146, df = 2; M8 vs M7, )2lnL = 0.171, p = 0.918, df = 2). Therefore, there is no statistically compelling evidence for positive selection having affected any site or any lineage during the evolution of Tcp-1 in these mice.
Of the genes we examined, b 2 m has the highest variance in pairwise d N /d S estimates and exhibits a number of comparisons in which the d N /d S ratio greatly exceeds 1 (Fig. 2) . Not surprisingly, then, a model that allows heterogeneity in the d N /d S ratio fits the b 2 m data better than one that assumes a constant ratio across all lineages ()2lnL = 38.383; p = 0.042, df = 25). Each of the models that allow x to vary across sites (M1, M2, M7, and M8) assumes a constant x ratio across all lineages (Nielsen and Yang 1998; Yang et al. 2000a) . Results from an LRT between the one-ratio model and the free-ratio model suggest that the b 2 m data violate this assumption. It is not known how robust these models are to violations of a constant substitution ratio across lineages; therefore, we report the results of all pertinent LRTs among these models for the b 2 m gene, but note that parameter estimates may not be accurate. An LRT between M2 (selection) and M1 (neutral) does not allow a model of neutrality to be rejected in favor of one that allows for positively selected sites ()2lnL = 3.273; p = 0.195, df = 2). However, an LRT between the more complex models M8 and M7 rejects a neutral model (M7) in favor of a positive selection model (M8) ()2lnL = 6.389; p = 0.041, a Sites with a posterior probability >50% of having x>1. Boldface indicates a posterior probability >99%; an underline indicates a posterior probability >95%. df = 2). Moreover, a Bayesian approach applied under M8 identifies three sites under positive selection with a posterior probability >50%; one of these has a posterior probability >99% (Table 2 ).
Discussion
Statistical tests that examine the pattern of nucleotide substitution are only the first step in inferring whether particular sites in a gene have been subject to positive selection. The tests we have used assume that positive selection has occurred when a particular site shows a d N /d S ratio greater than 1; however, an elevated d N /d S ratio is also consistent with an explanation of relaxed functional constraints. It is therefore critical to couple the results of statistical tests such as these with an examination of molecular function. Sites that are functionally significant and show evidence of an elevated d N /d S ratio have most likely been driven by positive selection.
In practice, many studies of molecular evolution proceed without sufficient information about gene function to make inferences about the relative functional importance of different nucleotide sites. In these cases, statistical tests of positive selection can be predictive: particular sites showing an elevated d N /d S ratio can be targeted for future studies of molecular function and adaptive significance. If sites with an elevated d N /d S ratio exhibit no demonstrable function, it may be more appropriate to conclude that replacement substitutions have been allowed to accumulate due to processes other than positive selection. In the following discussion, we examine our results in light of what is known about the function of each gene to determine whether sites have functional importance and can be reasonably inferred to have evolved under positive selection.
Positive Selection on the Gamete Recognition Locus Zp-3
Genes involved in gamete recognition have some of the highest rates of replacement substitutions ever reported (Lee et al. 1995; Swanson and Vacquier 1995; Metz and Palumbi 1996; Vacquier et al. 1997; Yang et al. 2000b) . It has been suggested that these genes accumulate amino acid changes between species in response to selection preventing cross-species fertilization, but other evolutionary processes have been implicated (Vacquier et al. 1997; Yang et al. 2000b) . The majority of studies of gamete recognition genes has been on free-spawning marine organisms where gamete recognition is a critical step in maintaining interspecific reproductive barriers. However, experimental evidence suggests that gamete recognition in mammals is also largely species-specific. Studies of different species of rodents (Maddock and Dawson 1974; Hanada and Chang 1978; Fukuda et al. 1979; Roldan et al. 1985; Roldan and Yanagimachi 1989) , rabbits (Chang and Hancock 1967) , and mustelids (Chang and Hancock 1967) show that cross-species fertilization is rare in vitro and that gametes strongly prefer to bind conspecifically. Specific studies of Mus gametes in vitro show that several of the species included in our study cannot successfully cross-fertilize (West et al. 1977; Lambert 1984) and that this failure is due to changes in gamete recognition molecules among different species (Lambert 1984) .
The Zp-3 gene codes for the primary sperm receptor in mammals and appears to be responsible for controlling species-specific gamete interactions (Bleil and Wassarman 1980a, b; Ringuette et al. 1988; Wassarman 1990) . Sperm bind to the Zp-3 molecule via oligosaccharide side chains that are attached to the protein backbone at serine and threonine residues (Florman and Wassarman 1985; Bleil and Wassarman 1988) . It has been suggested that differences among species in the structure and presentation of these oligosaccharide side chains may be responsible for determining species-specific gamete recognition (Skutelsky et al. 1994; Wassarman and Litscher 1995) . In particular, a region containing five serine residues (Ser 329, Ser 331-334) that are essential for Zp-3 to bind sperm successfully has been identified in Mus musculus (Rossiere and Wassarman 1992; Kinloch et al. 1995; Wassarman and Litscher 1995; Chen et al. 1998) . None of the sites we identify as having an elevated x ratio affect these serine residues, and this region is conserved across all murine species sequenced (Fig. 3) . However, we find two sites (337 and 342) immediately outside this region that have a posterior probability >95% of having x>1 and an additional site in this region (335) that has a posterior probability >75% of having x>1 (Fig. 3, Table 2 ). Swanson et al. (2001) recently examined the Zp-3 protein among distantly related mammalian species and identified several sites that show a high posterior probability of being under positive selection. Many of the changes affected the serine residues in the sperm binding region (sites 331 and 333) or adjacent to it (sites 340, 341, 345, 347, 348) . Intriguingly, while we also find sites adjacent to the sperm binding region with x>1, none of the sites we identify among these species of Mus overlap with those identified by Swanson et al. (2001) . It is possible that changes in residues adjacent to the sperm-binding region affect the glycosylation pattern for the serine residues in that region, which may in turn affect interspecific sperm recognition (as Swanson et al. [2001] suggest). Moreover, we identify an additional site in Zp-3 (site 223) with a posterior probability >95% of having evolved under positive selection. This site is of particular interest as it is adjacent to a potential N-linked oligosaccharide-binding site (Asn-Ser-Ser) that is conserved across all murine species included in this study (Fig. 3) and contains a Ser residue in three species that may function as an O-linked oligosaccharide-binding site and affect sperm's ability to bind Zp-3.
While studies of the evolution of the Zp-3 protein may inform studies of its function, it should be noted that the molecular biology of sperm-egg interaction in mammals is still poorly understood. Recently, Rankin et al. (1998) showed that transgenic mice carrying a human Zp-3 molecule bind mouse sperm but fail to bind human sperm. This result suggests that factors other than Zp-3 protein sequence are important for sperm recognition. Ultimately, the functional importance of the specific sites Swanson et al. (2001) and our study have identified can be tested using directed mutagenesis and other experimental methods.
Rapid Evolution of the Male Reproductive Gene Sry but Not Tcp-1 Genes involved in male reproduction have been hypothesized to evolve under positive selection, though in many cases the forces driving their evolution remain unclear (Ferris et al. 1997; Tsaur and Wu 1997; Tsaur et al. 1998; Civetta and Singh 1998; Wycoff et al. 2000 ; Clark and Civetta 2000). There appear to be two primary modes of selection that could promote diversification of male reproductive proteins.
The first involves the creation and maintenance of postzygotic isolating mechanisms between closely related species. According to this theory, sterility of male hybrids might result from incompatibility among loci involved in gamete production Nei and Zhang 1998) . Rapid diversification of male reproductive proteins between potentially interbreeding species could then be selectively advantageous. The second theory relies on male-male competition as the driving force for positive selection (Eberhard, 1985) . This theory posits that variation in the structure of sperm proteins may affect sperm morphology and ultimately determine competitiveness in fertilizing the egg (Wycoff et al. 2000; Clark and Civetta 2000) . Competition among sperm (either inter-or intraspecific) could then drive rapid diversification of reproductive proteins. Teasing these two modes of selection apart may be all but impossible; nonetheless, either may cause genes involved in male reproduction to exhibit the signature of positive directional selection. Here, we examine two genes involved in male reproduction in mice for evidence of positive selection.
Sry. In mammals, male sex determination is defined by the initiation of testis development. There is now considerable evidence that Sry is the testis-determining gene (Gubbay et al. 1990; Sinclair et al. 1990 ): Sry is male-specific in all mammal species examined thus far (Sinclair et al. 1990; Foster et al. 1992; ; but see ), (Table 2) ; amino acid site numbers are given beneath the triangles. The box surrounding residues 327-334 includes the sperm recognition site and the five serine residues essential for successful sperm binding; the box surrounding residues 227-229 identifies a potential N-glycosylation site. M. musculus* includes all the subspecies we sequenced; all subspecies have identical Zp-3 sequences.
the gene is expressed in the genital ridge at the time of testis development (Gubbay et al. 1990; Koopman et al. 1991b) , and a 14.5-kb fragment of mouse DNA containing Sry is capable of inducing testis development when introduced into chromosomally female mouse embryos (Koopman et al. 1991a ).
Using distance-based comparisons of synonymous and nonsynonymous changes between Mus musculus and six other species of murine rodents, Tucker and Lundrigan (1993) demonstrated a high rate of nonsynonymous substitution in Sry and suggested that this gene may have evolved under positive selection in murine rodents. The likelihood tests performed here include more species than those examined by Tucker and Lundrigan (1993) and explicitly use a phylogenetic framework to estimate x ratios. These tests confirm that Sry has an elevated rate of replacement substitution in these rodents. Despite the fact that no pairwise comparison of the d N /d S ratio exceeds 1 for these mice (Fig. 2) , both models of positive selection (M2 and M8) fit this gene much better than the corresponding models of neutrality (M1 and M7). In addition, we identify a single site (site 92) with a high posterior probability (>99.9%) of being under positive selection when the empirical Bayesian approach is applied (Table 2) .
Sry is a single-exon gene with an open reading frame consisting of a highly conserved DNA-binding domain (the HMG box), flanked by N-and C-terminal regions of variable length (Sinclair et al. 1990; Gubbay et al. 1990 ). Site 92 is in the C-terminal region of the gene (see Tucker and Lundrigan [1993] for Sry sequence and position numbering). In murine rodents, this region contains a CAG repeat motif and is highly length variable, ranging from 92 amino acids in Hylomyscus alleni to 313 amino acids in Mus m. musculus (Tucker and Lundrigan 1993) . Length variation in the C-terminal region is evident even between subspecies of house mice: this region is only 153-155 amino acids long in M. m. domesticus, having been shortened from the 313 amino acids in M. m. musculus by mutation to a stop codon (Coward et al. 1994; Tucker and Lundrigan 1995) . These observations suggest that the C-terminal region of Sry is of little functional importance (Sinclair et al. 1990) . It is puzzling that a site that shows such strong evidence of positive selection should occur in such a region. We suggest that the rapid rate of evolution for site 92 is more consistent with an explanation of relaxed functional constraints (but see Tucker and Lundrigan 1995) than one of positive selection. However, the paradox of these results should also prompt additional mutational and transgenic studies of this region and of site 92 in particular.
Tcp-1. The Tcp-1 locus has been mapped to the region of chromosome 17 responsible for transmission-ratio distortion and male sterility produced by the mouse t complex (Silver et al. 1979; Lyon 1991) . The Tcp-1 gene codes for a nonglycosylated protein that is part of the testicular cell surface matrix (Silver and White 1982) . While the role of Tcp-1 in t-complex effects remains unknown, certain observations argue for its role in normal spermatogenesis. First, the gene is expressed at higher levels in mouse testes than in any other tissue examined, and the translation of Tcp-1 mRNA is up regulated during spermatogenesis (Silver and White 1982; Dudley et al. 1984; Willison et al. 1986; Kubota et al. 1992) . Second, while information on the function of Tcp-1 is scarce, it has been suggested that that mutant forms of Tcp-1 may be involved in the complicated effects of the t haplotype on spermatogenesis (Silver 1981; Silver and White 1982; Willison et al. 1986) . If true, then the presence of the wild-type Tcp-1 allele may be required for normal spermatogenesis and fertility in male mice.
Prior comparative studies of the Tcp-1 gene in rodents have not revealed any evidence of positive selection acting on this gene despite its potential role in spermatogenesis. Morita et al. (1992) examined pairwise divergence in Tcp-1 between Rattus and nine species of Mus and found that the gene exhibits an unusually high synonymous substitution rate but highly conserved amino acid sequences. Our study includes four additional species of Mus. Only the lineage leading to M. spretus (branch 12; Fig. 1 ) shows an unusually high x ratio (Table 1) , but a constant rate ratio cannot be rejected for the tree as a whole and the elevated x value for the M. spretus lineage cannot be considered statistically meaningful. Moreover, models that allow for selection on specific sites (M8 and M2) do not fit the Tcp-1 data better than corresponding neutral models (M7 and M1); therefore, evidence of positive selection affecting specific sites as identified under M8 (Table 2) is not compelling. These results suggest that the pattern of evolution for Tcp-1 can best be described as purifying selection.
Selection on the Immune System Locus b 2 m
The b 2 m protein is a small polypeptide that has been implicated in a number of functional roles. The protein appears to be responsible for inducing collagenase synthesis in fibroblasts (Brinckerhoff et al. 1989) and can stimulate collagen, protein, and DNA synthesis in osteoblast cultures (Canalis et al. 1987) . However, the principal role of the b 2 m protein appears to be in the immune response. b 2 m comprises part of the Fc receptor that mediates the uptake of IgG from milk in neonatal rat intestinal cells (Simister and Mostov 1989), and it is a critical component in ensuring the correct presentation of cell surface antigens (Bjorkman et al. 1987; Hansen et al. 1989; Williams et al. 1989; Vitiello et al. 1990; Hermel et al. 1993) . Mice that are deficient for the b 2 m gene develop normally but fail to assemble MHC class I proteins or to present them on the cell surface (Zijlstra et al. 1990; Koller et al. 1990 ); moreover, intestinal cells from b 2 m-deficient neonates fail to bind IgG (Zijlstra et al. 1990) . While b 2 m-deficient mice can clear viral infections under laboratory conditions (Spriggs et al. 1992) , they would undoubtedly be severely disadvantaged in the wild by their immunodeficiency (Bender et al. 1992; Tarleton et al. 1992; Hermel et al. 1993) .
Prior studies of b 2 m sequence divergence in mice suggest that this gene did indeed evolve in response to positive selection. Hermel et al. (1993) found an exceptionally high ratio of replacement-to-silent changes in pairwise comparisons between M. spretus and M. domesticus and attributed this to positive selection during the evolution of M. spretus. Our study expands the taxon sampling to include several additional species of Mus and suggests that positive selection on b 2 m is not restricted to the M. spretus lineage. The free-ratio likelihood model assigns an x ratio greater than 1 to several branches in the Mus phylogeny (Table 1) . Many of these branches have one (or fewer) inferred replacement changes, which may not be statistically meaningful; however, three lineages have sufficient numbers of changes to warrant the suggestion of positive selection (Table 1) . Specifically, b 2 m appears to have been subject to three recent independent episodes of positive selection: one in the lineage leading to M. musculus (branch 7; Fig. 1 ), one in the M. spretus lineage (branch 12), and one in the lineage leading to M. cookii and M. cervicolor (branches 16 and 18). It is not clear why b 2 m should be subject to positive selection for these three lineages; nonetheless, it appears that recent periodic episodes of positive selection have punctuated the evolution of the b 2 m gene during the evolution of these mice.
In addition, we identify three sites in the b 2 m molecule that have a high probability of having evolved under positive selection (Table 2, Fig. 4) . The crystal structure for the b 2 m molecule has been determined for cow and human (Becker and Reeke 1985; Bjorkman et al. 1987) , and the particular sites where b 2 m interacts with the a chains of the MHC molecule have been identified for human (Bjorkman et al. 1987) . Only two of the sites that interact with the a chains (sites 11 and 22) show amino acid differences among the species of mice we examined, and neither of these shows a high probability of being under positive selection. In contrast, we find three sites (sites 77, 88, and 94) toward the carboxy terminal of the protein that have a high posterior probability of being under positive selection (Fig. 4) .
In an intriguing study, Pe´rarnau et al. (1990) found that polymorphism in site 88 of b 2 m influences the ability of MHC class I molecules to present antigens to the immune system (Pe´rarnau et al. refer to the polymorphic site as 85. They do not include the three-residue signal peptide in numbering their sequence; therefore, their site 85 is our site 88). Specifically, Mus MHC molecules comprised of heavy chains complexed with an alternate form of b 2 m (b 2 m b ) which differs from the normal allele (b 2 m a ) only at site 88, fail to present specific peptides to T cells. Therefore, it appears that while b 2 m is considered primarily a structural molecule, changes in specific sites that do not necessarily interact with the a heavy chains can alter ligand recognition for the MHC molecule. In our study, we identify site 88 as a site with a high posterior probability (77%) of being under positive selection, suggesting that selection on this site of the b 2 m molecule may have acted to promote the ability of MHC class I molecules to recognize a diversity of antigens. While the role of the two additional sites in this region that show evidence of positive selection (sites 77 and 94) is unknown, they should be the focus of further functional studies of the b 2 m molecule. Fig. 4 . Aligned amino acid sequences of the b 2 m locus for the species included in this study. Boxes identify the seven b strands that fold to determine the tertiary structure of the protein (Bjorkman et al. 1987) . Asterisks indicate the two conserved Cys residues that form a disulfide bond in the mature b 2 m molecule. Triangles identify specific sites that have a posterior probability >50% of being under positive selection (Table 2) ; amino acid site numbers are given beneath the triangles. Missing data are shown as dots.
Conclusions
Perhaps the most powerful application of the phylogeny-based, maximum-likelihood methods applied in this study lies in their ability to identify particular sites within a gene that show the signature of positive selection. We identified a number of such sites in the male sex-determining locus Sry, the mammalian gamete recognition gene Zp-3, and the immune response gene b 2 m. Inferences of positive selection resulting from molecular evolution studies are most powerful when functional regions of a gene are well characterized. For example, of the three sites we identified in b 2 m, one is known to influence the MHC class I molecule's role in the immune response; therefore, selection on this site is consistent with evolution promoting the diversity of immune system proteins. When sites are found in regions of little functional importance, as is the case for the single site in Sry, relaxation of functional constraints, rather than positive selection, may better explain the high replacement rate. In those instances where the function of a gene is incompletely characterized, evolutionary studies can identify good candidate sites for careful examination. For example, all of the rapidly evolving sites in Zp-3 lie outside of the well-characterized sperm-binding region; however, the functional role of these sites has yet to be examined. Studies of gene evolution can therefore predict regions of functional importance and direct future experimental studies of gene function.
